Studying heart tissue is critical for understanding and developing treatments for cardiovascular diseases. In this work, we fabricated precisely controlled and biomimetic engineered model tissues to study how cell-cell and cell-matrix interactions influence myocardial cell survival upon exposure to pathological level oxidative stress. Specifically, the interactions of endothelial cells (ECs) and cardiomyocytes (CMs), and the role of hypoxia inducible factor-1a (HIF-1a), with its novel alternative regulator, HIF-1a antisense RNA1 (HIF1A-AS1), in these interactions were investigated. We encapsulated CMs in photo-crosslinkable, biomimetic hydrogels with or without ECs, then exposed to oxidative stress followed by normoxia. With precisely controlled microenvironment provided by the model tissues, cell-cell interactions were restricted to be solely through the secreted factors. CM survival after oxidative stress was significantly improved, in the presence of ECs, when cells were in the model tissues that were functionalized with cell attachment motifs. Importantly, the cardioprotective effect of ECs was reduced when HIF-1a expression was knocked down suggesting that HIF-1a is involved in cardioprotection from oxidative damage, provided through secreted factors conferred by the ECs. Using model tissues, we showed that cell survival increased with increased cell-cell communication and enhanced cell-matrix interactions. In addition, whole genome transcriptome analysis showed, for the first time to our knowledge, a possible role for HIF1A-AS1 in oxidative regulation of HIF-1a. We showed that although HIF1A-AS1 knockdown helps CM survival, its effect is overridden by CM-EC bidirectional interactions as we showed that the conditioned media taken from the CM-EC co-cultures improved CM survival, regardless of HIF1A-AS1 expression.
Introduction
Myocardial infarction (MI), or heart attack, is one of the most common causes of death worldwide [1] . The immediate action taken after a heart attack is to reoxygenate the infarct tissue by restoring blood flow. However, the sudden flow of oxygen-rich blood to the ischemic area induces oxidative stress and often results in further cell death causing reperfusion injury (RI) [1] [2] [3] , which can lead to the death of the patient [4] . Several mechanisms and metabolic pathways are suggested to be involved in this phenomenon [5] however, a detailed understanding of the progression and prevention of RI is yet to be discovered.
A possible means of treatment during and after RI is to use bioactive factors that would protect the cells from the damage caused by the oxidative stress that occurs once the blood flow is restored. Heart tissue has endogenous protective processes in the early stages of MI as well as its aftermath. A candidate mediator of cardioprotection is endothelial cell (EC)-cardiomyocyte (CM) communication via paracrine factors such as nitric oxide (NO), endothelin 1 (EDN1), angiopoietin-II, and prostaglandin I 2 [6] . One potential mediator of this myocardial cellular communication during and after MI is hypoxia inducible factor-1 (HIF-1). HIF-1 is a heterodimeric transcription factor (comprised of HIF-1a and HIF1b subunits) upstream of over 100 genes [7] [8] [9] . Due to its oxygen dependent post-translational regulation, the role of the HIF-1a subunit in protection from ischemic diseases under hypoxic conditions has been studied extensively. However, even though there is evidence that oxidative stress can stabilize HIF-1a [10, 11] , its regulation under oxidative stress is poorly studied. In addition, the results of many of these studies examining the exact role of HIF-1 or HIF-1a during MI vary widely [12] [13] [14] [15] [16] [17] . Some studies showed that HIF-1 enhances myocardial cell survival [12, 17] , while others showed that it enhances cell death through increased apoptosis [14, 18] and increases the infarct size [13] . One of the major reasons for these contradictory outcomes is the complexity of the in vivo environment. In addition, there are often discordances between animal studies and clinical trials due to differences in human and animal physiology and pathology [19] . On the other hand, cell culture studies are an oversimplification of the native phenomena where the cell-cell and cell-extracellular matrix (ECM) interactions are almost entirely misrepresented. As an alternative approach, it is now possible through tissue engineering techniques to fabricate model tissues in vitro with better-controlled parameters and using human cells [20] [21] [22] . Using such tissue engineered model myocardial tissues with defined cellular composition and microenvironment would be a very powerful research approach to study the role of HIF-1a and the paracrine factors regulated by HIF-1a under RI mimicking oxidative stress conditions. Moreover, it would serve as a platform to study potential therapeutics for RI treatment.
In this study, we developed 3-dimensional (3D) tissue engineered myocardial model tissues using primary neonatal rat CMs and human induced pluripotent stem cell (hiPSC)-derived ECs (iECs). We studied the effect of EC-CM interactions solely through secreted factors as well as cell-ECM interactions on cell survival under oxidative stress conditions mimicking the early onset of RI. We used rat origin CMs and human origin ECs, which allowed us to investigate the changes in their mRNA expression separately yet allowing a successful intercellular communication owing to the high level of protein homology between rats and humans in paracrine factors such as vascular endothelial growth factor (VEGF) [23] . Using these model tissues, we showed that EC-CM interactions, specifically mediated through EC-driven HIF-1a expression, improve cell survival under oxidative stress. We also showed evidence, for the first time in literature, of an alternate possible means of HIF-1a regulation under oxidative stress through HIF-1a antisense RNA1 (HIF1A-AS1), which could have an important role in the cardioprotective effect of EC-CM crosstalk.
Materials and methods
An expanded Methods section is available in the Online Data Supplement. All animal experiments were performed according to the guidelines of Institutional Animal Care and Use Committee (IACUC) of University of Notre Dame.
Cell culture and HIF-1a knockdown
2-day-old Sprague-Dawley rats (Charles River Laboratories) were sacrificed by decapitation and the hearts were immediately excised following the Institutional Animal Care and Use Committee (IACUC) guidelines of the University of Notre Dame, which has an approved Assurance of Compliance on file with the National Institutes of Health, Office of Laboratory Animal Welfare. The hearts were rinsed in ice-cold Hank's Balanced Salt Solution (HBSS, Gibco) immediately and the respective CMs were isolated and cultured following well established protocols [24] .
The hiPSCs (line DiPS SevA1016) derived from fibroblasts were differentiated to iECs following a recently established protocol [25] . Briefly, the hiPSCs were cultured on Geltrex (Invitrogen) coated tissue culture flasks with mTeSR1 (StemCell Technologies) and, to induce differentiation, the culture media was switched to N2B27 medium (1:1 mixture of DMEM:F12 (1:1) with Glutamax and Neurobasal media supplemented with N2 and B27) (Life Technologies) supplemented with a glycogen synthase kinase 3b (GSK3b) inhibitor, CHIR (Stemgent) and bone morphogenic protein 4 (BMP4) (R&D Systems). The media was replaced with StemPro-34 SFM medium (Life Technologies) (supplemented with 200 ng/ mL VEGF (PeproTech) and 2 mM forskolin (Sigma-Aldrich)) after three days. The media was renewed the following day and at the end of day six, the cells were sorted using magnetic assisted cell sorting (MACS) (autoMACSpro, Miltenyi Biotec, Harvard University) against vascular endothelial cadherin (VE-CAD). The purity of the cell population after sorting was determined using fluorescence assisted cell sorting (FACS) against VE-CAD (MACSQuant, Miltenyi Biotec, Harvard University). The collected cells were then cultured on fibronectin coated tissue culture dishes in endothelial growth media-2 (EGM-2). The endothelial phenotype of the iECs was confirmed using quantitative polymerase chain reaction (qPCR), immunostaining, and tube formation assay, and compared with human umbilical cord vein endothelial cells (HUVECs). In some experiments, when CMs and ECs were required to be monitored separately in the culture, ECs were marked by using Cell Tracker Blue (Invitrogen).
The HIF-1a knockdown was introduced by small hairpin RNA (shRNA) targeting of HUVECs and iECs. The change in HIF-1a expression was then examined on mRNA and protein levels using qPCR and enzyme-linked immunosorbent assay (ELISA), respectively. HUVECs per construct) in Arginine-Glycine-Aspartic acid (RGD) (Bachem) conjugated or pure poly(ethylene glycol) diacrylate (JenKem) (PEG-RGD) hydrogels (n ! 6). The cell densities in 3D tissue constructs were calculated by estimating the number of cell layers throughout the volume of the constructs (one cell layer was estimated to be approximately 12 mm thick, giving 8.3 layers per construct) and each layer was aimed to have approximately equal cell numbers as in 2D culture samples.
Conventional cell culture and model tissue fabrication

Oxidative stress treatment and determination of cell survival and apoptosis
Conventional cell cultures and the engineered tissue constructs were cultured in minimal media (DMEM supplemented with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin) for all experiments unless stated otherwise. Both the cell cultures and model tissues were allowed to pre-incubate for 3 days before being exposed to oxidative stress. The oxidative stress was applied through 16 h incubation with 0.2 mM H 2 O 2 containing media followed by 2 h normoxic media incubation. The control samples were incubated in normoxic media for 18 h with a media change at 16 h. Following this treatment the cell viability was determined using Live/Dead Assay (Life technologies) following manufacturer's instructions and the number of live (green) and dead (red) cells were quantified using ImageJ software (A more detailed explanation of 3D construct imaging can be found in Online Data Supplement, Supplemental Methods). Cell survival was determined by normalizing each oxidative stress treated sample to the corresponding control group. In addition to Live/Dead Assay, apoptosis was assessed through caspase activity using Apo-ONE Ò Homogeneous Caspase-3/7 Assay (Promega), and through DNA fragmentation using DeadEnd TM Fluorometric Terminal Deoxynucleotidyl Transferase (TdT)-Mediated dUTP Nick End Labeling (TUNEL) System (Promega) following manufacturer's instructions and quantified using ImageJ software. (A more detailed explanation of TUNEL assay analysis in 3D constructs can be found in Online Data Supplement, Supplemental Methods). The results of the caspase 3/7 assay were normalized to the respective cell numbers in each construct type.
Transcriptome analysis
Total RNA was isolated from the 3D model tissues of CMs with or without iECs cultured under normoxia or oxidative stress conditions (n = 3) following manufacturer's instructions (Promega SVtotal RNA kit). Library preparation and sequencing was provided as a custom service by Michigan State University Research Technology Support Facility Genomics Core. Libraries were prepared using the Illumina TruSeq stranded mRNA library preparation kit, and were quality checked and quantitated using a combination of Qubit dsDNA assay, Caliper LabChipGX size determination and Kapa Biosystems Illumina Library qPCR assay. The sequencing was performed in Illumina HiSeq 2500 Rapid Run flow cell (v2) using HiSeq Rapid SBS reagents (v2) in a 2 Â 100 bp paired end format. Base calling was done by Illumina Real Time Analysis (RTA) v1.18.64. Significant expression change was defined with a p < 0.05 and a fold change (FC) > 2 for upregulation and smaller than 0.5 for downregulation.
HIF1A-AS1 knockdown and determining its effect on CM survival
The CMs were seeded into 96 well plates (1 Â 10 5 cells/well)
immediately after isolation to: 1) prepare the ''CM-iEC co-culture pre-conditioned media", and 2) be analyzed using Live/Dead Assay after being cultured in pre-conditioned media. Simultaneously, the iECs were transfected (DharmaFECT, Dharmacon) with siRNA targeting HIF1A-AS1 (Lincode HIF1A-AS1 siRNA-SMARTpool (Human), Dharmacon) (100 nM, 48 h) or non-targeting siRNA (Lincode Non-targeting siRNA, Dharmacon) as a negative control. Transfection efficiency was confirmed using a positive control siRNA (ON-TARGETplus GAPDH Control Pool (Human), Dharmacon). The initial HIF1A-AS1 knockdown level in iECs was determined with qPCR analysis right after transfection (t = 0 h). The transfected iECs were then seeded (2.5 Â 10 4 cells/well): 1) as single cultures to prepare the ''single iEC culture pre-conditioned media" and 2) on top of the CMs to prepare the ''CM-iEC coculture pre-conditioned media". The preconditioned media of single iEC cultures and CM-iEC co-cultures were prepared by using either normoxic minimal media preconditioning (pN) or minimal media with 0. 
Statistical analysis
The results are represented as average ± standard deviation. The statistical analysis was carried out using 1-way ANOVA analysis. Student's t-test was used for comparing two individual groups. All p values reported were two-sided, and statistical significance was defined as p < 0.05. Sample size (n) ! 3 for individual experiments and all experiments were repeated 3 times.
Results
Differentiation, characterization and HIF-1a shRNA knockdown of iECs
We differentiated the hiPSCs to iECs and assessed the endothelial phenotype commitment of the iECs using morphological assessment via bright field microscopy, qPCR analysis for EC and iPSC specific markers, and immunostaining for EC specific markers ( Fig. 1A-D) . In all analyses, HUVECs were used as positive control while undifferentiated hiPSCs were used as negative control. We showed that the mRNA expression level of EC markers, CD31, EDN1, and von Willebrand factor (vWF) in iECs was comparable to HUVECs, confirming the successful differentiation of hiPSCs to endothelial lineage (Fig. 1B) . Immunostaining for CD31, vWF, and VE-CAD showed similar levels of expression of these EC markers in iECs and HUVECs whereas their expression was undetectable in the undifferentiated hiPSCs (Fig. 1C) . In addition, the expression level of pluripotency marker proteins, OCT-4 and NANOG were significantly lower in iECs and HUVECs compared to the undifferentiated iPSCs ( Fig. 1D ) (p 0.01).
Additionally, we showed that the iECs carry the key mature functional properties of primary ECs by testing the ability of iECs to form tube-like structures similar to those of their primary counterparts (Fig. 1E ). Both HUVECs and iECs were observed to spread and form tube-like cellular networks indicating that the iECs function similar to primary ECs. Taken together, we successfully differentiated the hiPSCs to iECs as they show marker gene expression and in vitro functionality.
In order to downregulate the HIF-1a expression in HUVECs and iECs, we used shRNA targeting. The infected cells were purified using puromycin selection and the down regulation of HIF-1a at mRNA ( Fig. 1F ) and protein ( Fig. 1G ) levels was confirmed using qPCR analysis and ELISA, respectively. The HIF-1a levels were significantly lower in the HIF-1a shRNA knockdown cells compared to controls, at both mRNA (p 0.01 for both iECs and HUVECs) and protein levels (p < 0.01 for both iECs and HUVECs) showing that the shRNA targeting was successful.
Effect of HIF-1a and EC-CM interactions on cell survival in conventional cell cultures
In order to examine the effect of EC presence we cultured CMalone cultures with two different types of conditioned media: iEC-only-conditioned media and iEC-CM co-culture-conditioned media. In addition, we determined the effect of EC specific HIF1a expression on cell survival under oxidative stress. We compared the survival of CM-alone cultures and their co-cultures with HIF-1a shRNA knockdown or control HUVECs (Suppl. Fig. 1 ) and iECs under normoxia and oxidative stress. We calculated the live cell percentages (Fig. 2B ) and cell survival (cell viability normalized to untreated control samples for each condition) (Fig. 2C ) using Live/Dead Assay images ( Fig. 2A) for each group and represented as percentage. We observed that when cultured alone in nonconditioned media, only 38 ± 2% of CMs were alive under the oxidative stress. Live cell percentage increased to 71 ± 2% with iEC-CM co-culture-conditioned media, while it remained at 40 ± 3% with iEC-only-conditioned media (Fig. 2B ). We then examined the survival of the CM cultures with or without ECs. We observed that the 60 ± 2% survival of CM-only cultures increased to above 90% upon co-culturing CMs with control HUVECs (91 ± 5%) (Suppl. Fig. 1B ) or iECs (96 ± 4%) (p < 0.01). The ECs cultured alone were not affected much by the oxidative stress treatment as 94 ± 1.5% of HUVECs (Suppl. Fig. 1B ) and 98 ± 0.5% of iECs survived (Fig. 2C) . In order to show that the higher survival in co-cultures is not due to ECs overgrowing the CMs, we tracked ECs by labeling them with blue cell tracker. We found that the initial ratio of EC to CM (1 to 4) was 1 to 3 at the end of the treatment, indicating that the majority of surviving cells in the co-culture were CMs (Fig. 2D) .
When HIF-1a shRNA knockdown ECs were used for co-culture, we observed a significant decrease in survival in both EC-only cultures and in co-cultures. In HIF-1a shRNA knockdown EC-only cultures, 67.5 ± 2.9% of HUVECs (Suppl. Fig. 1B ) and 91.3 ± 0.1% of iECs survived the oxidative stress (p < 0.01). In co-cultures of HIF-1a shRNA knockdown ECs with CMs, cell survival decreased by 15%, from 91 ± 5% to 76 ± 1.3%, in HUVEC-CM co-cultures (Suppl. Fig. 1B) . Similarly, the cell survival decreased by 13%, from 96 ± 4% to 83 ± 1.1%, in iEC-CM co-cultures. The decrease in survival of co-cultures was not due to the compromised survival of HIF-1a shRNA knockdown ECs themselves, as the EC to CM ratio remained approximately the same throughout the experiment ( Fig. 2D) . Even though the co-culture with HIF-1a shRNA knockdown ECs resulted in a higher cell survival compared to CMs alone (p < 0.01), survival in both control HUVEC-CM (Suppl. Fig. 1B ) and iEC-CM co-cultures was significantly higher than these values (p < 0.05) (Fig. 2C) . This indicates that HIF-1a is one of the important factors in EC-mediated CM survival under oxidative stress.
HIF-1a is known to regulate the expression of growth factors such as VEGF [26] , platelet derived growth factor-B (PDGF-B) [27] , human epidermal growth factor (hEGF) [28] , and insulinlike growth factor-1 (IGF-1) [29] . Therefore we compared the survival in minimal media (DMEM with 10% FBS) to survival in media supplemented with growth factors (EGM-2) including, hFGF-B, hEGF, VEGF, and R3 IGF-1 (Suppl. Fig. 2 ). We observed that the CM survival improved when cultured in EGM-2 upon oxidative stress (p < 0.05), even in the absence of ECs, indicating that the growth factor supplements of EGM-2 have cardioprotective effects themselves, and could directly improve the CM survival. The survival of iECs also improved when cultured in EGM-2, however, CM-iEC co-culture showed a higher survival when cultured in minimal media with 0.2 mM H 2 O 2 . We did not observe any significant difference in the survival of HUVECs alone with oxidative stress treatment in the two types of media (p > 0.05). Similarly, HUVEC-CM co-cultures survived the oxidative stress treatment in either type of media with no statistical difference (p > 0.05).
Effect of HIF-1a and EC-CM interactions on cell survival in 3D model tissues
We constructed 3D model tissues to provide a controllable and physiologically relevant platform to study cell-cell and cell-ECM interactions under oxidative stress. The 3D model tissues were prepared by encapsulating 1) CMs-alone, 2) control or HIF-1a shRNA knockdown iECs or HUVECs alone, and 3) as co-cultures of CMs with control or HIF-1a shRNA knockdown ECs, in photocrosslinkable PEG-RGD hydrogels (Fig. 3A) . The hydrogels were designed to be 100 lm thick to avoid hypoxia. We used a PEGbased hydrogel system aiming to restrict the cells from forming physical cell-cell contact. We determined the stiffness of the plain hydrogel constructs to be stable at approximately 8 kPa for 2 weeks in culture. (Suppl. Fig. 3 ). This way we were able to study the protection solely through the secreted factors from ECs and/or CMs. In addition, the 3D models kept the iEC:CM ratio constant throughout the experiment, ensuring that the iECs, which are more resilient to stress, not to take over the culture. Similar to the conventional culture conditions, the presence of control HUVECs (Suppl. Fig. 4 ) and iECs ( Fig. 3B and C) significantly improved the overall survival of their respective co-cultures with CMs (HUVEC-CM: 95 ± 0.5%, iEC-CM: 82 ± 2%) compared to single culture CMs constructs (69 ± 3%) (p < 0.05). This indicates that the secreted factors are a major contributor in rescuing CMs under oxidative stress. Importantly, we observed that HIF-1a is involved with at least one of these factors as the cell survival were significantly lower in co-culture constructs with HIF-1a shRNA knockdown ECs (HIF-1a shRNA knockdown HUVEC-CM: 75 ± 1%, HIF-1a shRNA knockdown iEC-CM: 70 ± 2%) (p < 0.05) similar to conventional culture results.
Effect of 3D culture and cell-ECM interactions on cell survival
In order to study the effect of cell-cell and cell-ECM interactions on cell survival under oxidative stress, we compared the survival of conventional cell cultures to cells encapsulated in 3D (Fig. 4A) . We observed that CM-only cultures had a 9% higher survival in 3D model tissues compared to 2D conditions, indicating the importance of the 3D biomimetic environment (p < 0.05). Interestingly, HUVEC-CM co-culture did not show any change in survival in conventional (91 ± 5%) vs. 3D culture conditions (95 ± 0.5%) (p > 0.05), while survival of iEC-CM co-culture was significantly lower in the model tissues (82 ± 2% in 3D culture conditions, compared to 96 ± 4% in conventional culture conditions). (p < 0.01). In addition, the survival percentages of single iEC and HUVEC constructs, 78 ± 2%, and 68 ± 1%, respectively, were lower in 3D (p < 0.01 for HUVECs and p < 0.05 for iECs) compared to the conventional culture conditions. We hypothesized that this was related to the diffusion limitation created due to the increased cell-cell distance in the model tissues: We increased the cell number when transitioning from 2D to 3D culture to compensate for the construct volume. However, due to the specific hydrogel system we used in this study the cells were restricted in their encapsulation location and were evenly distributed in the gel. This kept the cells farther from one another, creating a possible diffusion limitation for the secreted factors, whereas, in the conventional culture studies, the cells could spread, divide and move. Therefore, we measured the respective cell-cell distance in different tissue constructs (Suppl. Fig. 5 ).
We found that the 14.2 ± 1.6 lm average cell-cell distance in CM-alone constructs (Suppl. Fig. 5A ), and 12.3 ± 0.5 lm cell-cell distance in iEC-CM (Suppl. Fig. 5B ) constructs was doubled in iEC-alone constructs due to lower cell encapsulation density and measured as 28.2 ± 3.2 lm (p < 0.05) (Suppl. Fig. 5C ). In addition, we showed that the oxidative stress treatment did not affect the cell-cell distance in the constructs (Suppl. Fig. 5A-D) . Since we observed that the single CM culture survival increased in model tissues, we hypothesized that at this density the corresponding cell-cell distance was small enough to overcome the diffusion limitation. To test this hypothesis we encapsulated CMs or ECs at a density of 9 Â 10 5 and 2 Â 10 5 cells per construct and assessed their survival (Fig. 4B) . We observed that for both HUVECs and iECs survival was significantly higher when the cell density was increased to 9 Â 10 5 (p < 0.01, and p < 0.001, respectively) suggesting that the diffusion limitation for secreted factors was overcome.
In support of this the average cell-cell distance was measured to be 13.2 ± 0.5 lm in these constructs, showing no significant difference compared to that of the CM-alone constructs at the same cell encapsulation density (p > 0.05) (Suppl. Fig. 5E ). On the other hand, when the CM density was lowered to 2 Â 10 5 per construct, the cell-cell distance increased to 25.7 ± 1.1 lm and their survival decreased significantly (p < 0.01) (Suppl. Fig. 5F ), suggesting that in addition to paracrine factors, autocrine factors secreted by both ECs and CMs could also be contributing to cell survival (Suppl. Fig. 5G ). Cell-ECM interactions occur through specific surface proteins and these interactions are crucial for tissues to function properly in vivo. In order to test if the cell-ECM interactions improve cell survival under oxidative stress, we compared the cell survival in pure PEG hydrogels with RGD-functionalized PEG hydrogels using Live/Dead Assay (Fig. 4C) . The results showed that the cell survival under oxidative stress was not altered due to the absence of RGD in the cell microenvironment for single cell type or co-culture constructs (p > 0.05) when standard minimal media was used (Suppl. Fig. 6 ). However, the minimal media used in the experiment is supplemented with FBS which usually contains soluble fibronectin. Therefore, in order to eliminate any contribution of soluble fibronectin, we depleted fibronectin from FBS and used this FBS in media preparation (Fn (À) media). We then cultured the model tissues in FN (-) media during the 3 day pre-stress incubation as well as the normoxia and oxidative stress treatments. This resulted in a significant decrease in the survival of iECs and iEC-CM co-culture (p < 0.001) in pure PEG constructs compared to that of PEG-RGD constructs (Fig. 4D) . This indicates that the presence of RGD, and thus cell-ECM interactions, improve cell survival under oxidative stress. 
Effect of EC-CM interactions and HIF-1a expression on apoptosis in model tissues
To study the effect of CM-EC interactions on apoptosis under oxidative stress, we assessed the DNA fragmentation and the caspase 3/7 activity of 3D CM-only and iEC-CM tissue constructs. To determine the specific role of HIF-1a in these interactions, these studies were performed either with control or HIF-1a shRNA knockdown iECs. We used TUNEL assay to determine the effect of EC presence on oxidative stress-induced apoptosis (Fig. 5A) . Under normoxic conditions the CM-only and iEC-CM model tissues did not have a significant difference in apoptotic cell percentage (p > 0.05) (Fig. 5B) . However, the number of apoptotic CMs increased significantly upon exposure to oxidative stress in CMonly models (p < 0.05) while it did not in the co-culture constructs (p > 0.05), indicating the involvement of EC-driven soluble factors in CMs' rescue from apoptosis. As HIF-1a is known to have a protective effect against apoptosis under hypoxic conditions [14] , we also measured the caspase 3/7 activity in the constructs with iEC-CM and HIF-1a shRNA knockdown iEC-CM co-cultures (Fig. 5C ). We observed significantly higher caspase activity in CM-only model tissues compared to the co-culture constructs regardless of their HIF-1a expression (p < 0.05). This indicates that CMs are protected from apoptosis in the presence of ECs, supporting the TUNEL assay results. In addition, we found that the HIF-1a shRNA knockdown iEC co-culture presented a higher caspase activity compared to the control iEC co-culture (p < 0.05) showing the involvement of HIF-1a in reducing apoptosis under oxidative stress.
Transcriptome analysis
Whole genome transcriptome analysis was performed in order to identify the possible factors involved in the cardioprotection under oxidative stress. We discuss the results from the full transcriptome analysis in detail in another publication [52] . Here, we will only highlight some of the gene expression changes we observed that are relevant to HIF-1a and oxidative stress response ( Table 1) . We performed this analysis on 4 types of 3D model tissue constructs: 1) CM-only constructs under normoxia, 2) CM-only constructs under oxidative stress, 3) iEC-CM co-culture constructs under normoxia, and 4) iEC-CM co-culture constructs under oxidative stress. Using rat origin CMs and human origin ECs allowed us to determine the changes in gene expression of the two cell types of the co-culture constructs separately through sequence specificity. This way we were able to show the effects of EC presence and oxidative stress on CM gene expression, individually. Interestingly, TGF-b3 and latent transforming growth factor b1 binding protein were upregulated in CMs that were co-cultured with ECs under both normal and stress conditions, indicating the presence of ECs has an inductive role in the expression of both factors regardless of oxidative stress. Although there was no significant change in HIF-1a, von Hippel-Lindau factor, or prolyl hydroxylase (PHD) expression under any conditions, HIF1A-AS1 expression was downregulated by 73% in iECs co-cultured with CMs (FC:0.23) in response to oxidative stress, suggesting that its expression may play a role in promoting CM survival through HIF-1a regulation. In addition, BIK was downregulated in CMs when co-cultured with ECs (FC:0.36). We also observed that one of the mitochondrial membrane proteins, Romo-1, was downregulated (FC:0.30) in CMs cultured with ECs while it was upregulated (FC:3.03) in the absence of ECs under oxidative stress (Table 1) .
We confirmed the transcriptome results for two relevant targets: HIF1A-AS1 as the results suggest that it might be a novel regulator of HIF-1a under oxidative stress conditions and for TGF-b3, as its expression has been shown to be directly correlated with HIF-1a expression. To confirm and further test the HIF1A-AS1 expression, we prepared iEC-CM co-culture and iEC-alone constructs and determined the relative HIF1A-AS1 expression under normoxia (N) or oxidative stress (S) (Fig. 6A) . Interestingly, we observed that the HIF1A-AS1 mRNA expression was significantly lower in co-culture constructs compared to iEC-alone ones. This suggests that HIF1A-AS1 is downregulated in co-culture conditions through the bidirectional crosstalk between iECs and CMs, possibly stabilizing HIF-1a, as shown by the improved viability in coculture conditions. Next, we performed ELISA to determine TGFb3 levels in the media samples of the same CM-alone constructs that were used for transcriptome analysis, before and after the 16 h H 2 O 2 and 2 h normoxia treatments (Fig. 6B) . We also determined the TGF-b3 levels in the non-conditioned, iEC-onlyconditioned or iEC-CM co-culture-conditioned media samples before or after they were incubated with 2D CM cultures under normoxia (N) or oxidative stress (S) conditions (Fig. 6C) . We observed that the oxidative stress did not cause any change in TGF-b3 expression in CM-alone constructs, supporting the transcriptome results (Fig. 6B) . Also supporting the transcriptome results, we observed an increased expression only in the coculture pre-conditioned media. In addition, the increase was more prominent under oxidative stress (Fig. 6C) .
Role of endothelial HIF1A-AS1 in CM survival under oxidative stress
To further confirm that the significant downregulation in HIF1A-AS1 in iECs (only seen when iECs were co-cultured with CMs as described in the previous section) has a cardioprotective effect under oxidative stress, we knocked down HIF1A-AS1 in iECs using siRNA targeting. Initially, we aimed to keep the 3 day long pre-culture period constant, however, we observed that the siRNA knockdown was effective for a limited time for our target and 3 days was too long to keep the knockdown condition (Suppl. Fig. 7A and B) . Therefore, to prepare the co-culture-conditioned media, iECs were transfected and seeded on top of CMs right after transfection to preserve the knockdown condition as much as possible. The CMs were seeded 48 h before the iEC seeding so that the 3-day pre-culture period is kept constant for CMs (Fig. 7A) . We achieved a 69% knockdown of HIF1A-AS1 through siRNA transfection as the qPCR analysis showed a 3.2-fold decrease in siRNA treated samples at t = 0 h (Fig. 7B) . After 16 h the relative knockdown level decreased to 30% when iECs were maintained in oxidative stress (1.4-fold decrease in siRNA treated samples), and to 57% in normoxia (2.3-fold decrease in siRNA treated samples) (Fig. 7C) . At this time point, the conditioned media (pN or pS) from iEConly cultures and CM-iEC co-cultures were transferred to CMonly cultures. Then the CM-only cultures were maintained for 16 h with the respective conditioned media, with or without adding 0.2 mM H 2 O 2 , yielding 4 different conditions: 1) pN + N, 2) pS + N, 3) pN + S, and 4) pS + S. At the end of the 16 h incubation with conditioned media, we determined the live cell percentages of the single CM cultures (Fig. 7D) using Live/Dead Assay (Suppl. Figs. 8  and 9 ). In cultures treated with pN + S, the viability of CMs was approximately 15% higher when cultured in HIF1A-AS1 knockdown iEC-only-conditioned media (54.5 ± 3%) compared to control iEC-only-conditioned media (40 ± 3%). Importantly, the low viability we observed with control iEC-only-conditioning was not significantly different than the viability of CMs in non-conditioned media (38 ± 10%). This suggests that conditioned media from only iECs does not improve CM survival under oxidative stress. When co-culture-conditioned media was used, however, the viability was significantly higher than that of the CMs in non-conditioned media, regardless of HIF1A-AS1 expression in iECs (HIF1A-AS1 knockdown iEC-CM co-culture: 69 ± 3%; control iEC-CM coculture: 70 ± 2%). When the CMs were treated with pS + N, the viability was higher than pN + S condition for both iEC-only and coculture-conditioned media. Similarly, the viability was higher with co-culture conditioning compared to iEC-only conditioning under normoxia regardless of HIF1A-AS1 expression of iECs. The 71 ± 4% viability achieved with control iEC-only-conditioned media was increased to 84 ± 2% when control iEC-CM co-culture-conditioned media was used. Interestingly, the CM viability was 80 ± 3% with HIF1A-AS1 knockdown iEC-only-conditioned media, showing that the viability increased approximately 9% with the sole effect of the knockdown. However, we did not observe an as drastic increase when we compared the co-culture conditioning with or without the knockdown: there was only a 3% increase in viability with HIF1A-AS1 knockdown iEC-CM co-culture conditioning (87 ± 3%). This result suggests that although a lower HIF1A-AS1 expression in iECs improves CM viability, there should be several other factors mediating the crosstalk between ECs and CMs under oxidative stress that contributes to the remarkable CM rescue we observed in this study.
Discussion
Understanding the cellular interactions in healthy and diseased myocardium and identifying potential molecular mechanisms that could result in enhanced cell survival and function under pathophysiological conditions is important in preventing and treating cardiovascular diseases. HIF-1 is known to be a major player in oxygen homeostasis in cells and tissues, and as such has been studied for its role in ischemic heart diseases focusing mostly on its well-known regulation under hypoxia [8, 9, 30] . Similar to hypoxia, oxidative stress is involved in the pathology of the ischemic heart diseases [31] , and there is evidence that the HIF-1a level in the cells is regulated in presence of reactive oxygen species, causing it to escape proteasomal degradation [32] . However, the role of HIF-1a in cell survival under oxidative stress has yet to be investigated. In this study, we controlled the cell-cell and cell-ECM interactions by manipulating the functionalization of the hydrogel and the encapsulation density. We eliminated the direct cell-cell contact, which was inevitable in traditional culture conditions, while providing cell-ECM contact. This allowed us to examine the direct effect of soluble factors in EC-mediated CM survival under oxidative stress. The conditions we used (16 h oxidative stress followed by 2 h normoxia) were selected to study the conditions that mimic early MI events. Our results show that iECs do not produce or secrete the factors that result in CM protection under oxidative stress when they are alone: They need to be interacting with CMs directly or indirectly suggesting a bidirectional cross talk that governs the cardioprotective effect that we observed in this study. Furthermore, the CM survival increased similarly in the presence of ECs whether they were in physical contact or were interacting solely through paracrine factors suggesting that the key to the bidirectional crosstalk that leads to cardioprotection is secreted factors. In addition, we observed that the decreased HIF-1a expression in ECs has interfered with this EC-mediated improvement in cell survival. Our results are in line with studies that showed cardioprotective effects of EC-CM interactions and the role of HIF-1 in cardioprotection under hypoxic conditions, using conventional cell culture or animal models [10, 33] . Although animal models are widely preferred for such studies, they present limitations on controlling cell type-specific gene expression [33] . This emphasizes the advantage of using model tissues that have cell type specific control over gene expression (i.e. HIF-1a), yet providing higher complexity compared to conventional cell culture methods as presented in this study. In addition, even though a crossspecies platform, the model system used in this study can be readily applied in the future for investigating cardiovascular pathophysiology as a fully human-origin platform. Since the characterization and consistent production of fully mature and functional hiPSC-derived CMs is yet to be achieved, and that the cross-species platforms of rat and human cells are widely used in literature [10, 19] , we co-cultured iECs with well-characterized rat-origin CMs to take the first step towards a completely personalized platform.
Identifying the possible factors involved in CM-EC crosstalk will present a more detailed understanding of the molecular events that promote CM survival under oxidative stress. This will also help identify potential molecular targets to develop new therapeutic agents and provide more effective treatment before and after heart attack. Therefore, we performed a whole genome transcriptome analysis to identify these possible molecular targets. Most strikingly, we observed that HIF1A-AS1, a recently characterized [34] long non-coding RNA (lncRNA) was downregulated in ECs only, when co-cultured with CMs. Although little is known about HIF1A-AS1, it was shown that suppression of HIF1A-AS1 by siRNA targeting reduced palmitic acid induced apoptosis and promoted proliferation in vascular smooth muscle cells [35, 36] and HUVECs [37] in vitro. The fact that we did not observe any changes in HIF-1a or PHD expression levels might suggest that HIF1A-AS1 may be an alternative means of HIF-1a regulation under oxidative stress. Since oxidative stress is rather a transient event, it is plausible for HIF-1a under oxidative stress to be performed through a long non-coding RNA. Therefore, we investigated this further to gain more mechanistic insight to the possible role of HIF1A-AS1 in cardioprotection under oxidative stress. Although the protective effect is improved with HIF1A-AS1 knockdown, this effect is overridden by the presence of CMs: the most significant improvement in survival was observed when conditioned media from CM-EC coculture was transferred to single CM cultures, regardless of the HIF1A-AS1 expression. This is in line with the high survival of ECs under oxidative stress; we showed that ECs are not affected by the stress as much as CMs, therefore, it supports the finding that iEC-only conditioned media, especially without the HIF1A-AS1 knockdown, is insufficient to rescue CMs. Overall, 1) the drastic downregulation we observed in transcriptome analysis and the follow up PCR, 2) improved CM survival with HIF1A-AS1 knockdown iEC conditioned media, and 3) impaired CM survival in HIF-1a shRNA knockdown iEC co-cultures suggest that CM-EC interactions and HIF-1a expression in ECs is crucial for CM survival and HIF1A-AS1 is a means of HIF-1a regulation under oxidative stress. Here our primary tests indicate that although HIF1A-AS1 is a potential means of HIF-1a regulation under oxidative stress, it is not the key factor in CM-EC crosstalk. However, the conditions tested here are not sufficient to fully understand the role of HIF1A-AS1 in HIF1a regulation and its potential as a therapeutic for treatment of cardiovascular diseases. Due to the limited effectiveness of the knockdown used in this study the tests were conducted in 2D con-ventional cell cultures. These tests should be repeated in controlled 3D tissue models with stable knockdown and knockout models.
We also observed that TGF-b3 mRNA and protein expression was upregulated in CMs that were co-cultured with ECs under stress, but there was no change in their TGF-b1 and TGF-b2 expression, which were shown to be upregulated early in myocardial infarct models [38, 39] . Therefore, observing an increase in the expression of only TGF-b3 further supports that the response observed in this study is a prolonged protective response. This also suggests that this prolonged cardioprotection is related to HIF-1a. Caniggia et al. showed that in trophoblasts TGF-b3 expression increased in parallel with HIF-1a expression and both were suppressed when antisense oligonucleotides targeting HIF-1a were introduced [40] .
Another important outcome we observed in this study was that the CMs survived the oxidative stress better in a 3D environment compared to conventional culture conditions, even in the absence of physical cell-cell contact. One possible explanation is that in the 3D environment CMs have more neighboring cells compared to the 2D conditions as the cells are surrounded with other cells in all directions throughout the volume of the construct, enabling rapid diffusion of soluble factors among individual cells. Furthermore, the ECM-like hydrogel environment helps concentrate the paracrine factors released by the cells to their surrounding environment. These two physical constraints that come with a 3D ECMlike environment effectively increase the local concentration of the secreted factors compared to 2D conventional cell culture conditions where the cell-cell interactions are limited to one single plane and they can only receive the factors secreted from the cells that are in close proximity and at a limited concentration due to constant diffusion in the culture media. Therefore, the improved CM-CM interactions in 3D might have improved the overall survival of the CMs. The contradicting outcome of lower EC survival in 3D culture compared to the 2D culture conditions was remedied by increasing the encapsulation density. This indicates that the autocrine factors and their concentration, as defined by cell-cell proximity, plays an important role in intercellular communication and that this communication is crucial for EC and CM survival under oxidative stress.
In addition to provide control over cell-cell interactions, 3D model tissues allow us to manipulate the cell-ECM interactions. A common way to control this interaction is conjugating cell adhesive proteins or peptides and matrix metalloproteinase sequences that would allow the cells to attach and degrade through the hydrogels [41] . Unless tailored with peptides or proteins, pure PEG does not have any biochemical components that could be recognized by the cells, thus eliminating any potential biochemical effect coming from the hydrogel component of the tissue construct, while it has biophysical properties close to that of the natural myocardial ECM including being fully hydrated and having 8 kPa elastic modulus (natural myocardial stiffness is 10 kPa at the beginning of diastole) [42, 43] . In this study, we functionalized PEG by incorporating the RGD peptide, a cell recognition peptide derived from fibronectin. When we cultured the model tissues in the absence of soluble fibronectin the survival in iEC-only and iEC-CM co-culture constructs was improved in the presence of RGD functionalization. This suggests that, cellular cascades activated with cell attachment to the ECM molecules are important in cell survival under oxidative stress, emphasizing the necessity of 3D culture models, as also supported by the literature [44] . It is known that under hypoxia HIF-1a mediated pathways promote integrin production [45] , and, similar to hypoxic conditions, HIF-1a mediated pathways might be activated under oxidative stress conditions, improving cell survival. The detailed mechanism behind possible effects of HIF-1a mediated cell-ECM interactions on cell survival under oxidative stress should be further investigated.
Finally, we tested the effect of EC-CM interactions, specifically the effect of HIF-1a expression, on oxidative stress induced apoptosis in the model tissues. We report that iEC-CM co-culture constructs did not show an increase in the number of cells positive for DNA fragmentation, while the number of apoptotic cells increased significantly in the CM-only model tissues, indicating that EC-CM interactions help prevent apoptosis under oxidative stress. In addition, apoptosis is known to be regulated through HIF-1a dependent pathways [14] . Under hypoxic conditions HIF1a activates the transcription of anti-apoptotic proteins such as B-cell lymphoma 2 (Bcl-2) family proteins, thus protecting cells against apoptosis [46, 47] . The protective effect of HIF-1 was also shown under oxidative stress [48] . Zaman et al. studied the protection from oxidative stress-induced apoptosis in cortical neurons and concluded that the protection was regulated by HIF-1 activity. They cultured the cortical neurons in standard culture conditions and the cells were shown to escape apoptosis by addition of iron chelators, which in turn improved HIF-1 activity. Here, we show the direct effect of HIF-1a mediated secreted factors on escaping oxidative stress-induced apoptosis in our physiologically relevant model tissues. We measured the increase in caspase activity, a common indicator of apoptosis, and observed an increase in caspase activity in CMs when they were encapsulated alone or coencapsulated with HIF-1a shRNA knockdown iECs, compared to control iEC-CM co-cultures. These results also correlate with the cell survival; although the presence of ECs decreased the number of apoptotic cells regardless of their HIF-1a expression, this protective effect was impaired when HIF-1a was knocked down in ECs.
Further supporting these results, the transcriptome analysis showed that the BIK, the activity of which is suppressed in the presence of survival-promoting proteins [49] , is downregulated in CMs that were in the co-culture constructs compared to CMonly constructs, under oxidative stress. Our results showed that, Romo-1, a mitochondrial membrane protein that induces production of reactive oxygen species [50] , was upregulated in CMs under oxidative stress when cultured alone. However, Romo-1 expression was downregulated when CMs were co-cultured with ECs, further supporting the protective role of EC-mediated paracrine factors as Romo-1 expression was shown to cause oxidative stress-induced apoptosis in lung epithelial cells and its siRNA knockdown improved cell survival [51] .
Conclusion
In conclusion, here we showed that the EC-CM interactions are crucial for CM protection and for overall cell survival following oxidative stress and subsequent normoxia treatment, resembling early MI conditions. We also present proof that the EC-driven soluble factors, at least partially regulated by HIF-1a, play a major role in cell survival and escaping apoptosis. In addition, the cellcell communication is highly dependent on cell-cell proximity and cell-ECM interactions, contributing to cell survival by taking advantage of the highly controlled yet flexible microenvironment that engineered model tissues provide. Importantly, we showed, for the first time to our knowledge, that HIF-1a expression is possibly mediated by HIF1A-AS1 under oxidative stress and its downregulation in ECs aids CM survival, especially through CM-EC crosstalk. Overall, the results of this study stress the importance of 3D engineered model tissues as suitable platforms to study cardiovascular diseases on molecular, cellular and tissue level. With the introduction of hiPSC-derived cells such as the ones used in this study, these models can be used as personalized platforms for disease diagnostics, treatment and drug screening. In addition, using engineered models, such as the one presented in this study, the potential of iPSC-derived cells to be used in cell therapy can be tested in a biomimetic environment. In our future studies we will replace the CMs from rat origin with hiPSC-derived CMs to construct and study model tissues with entirely human origin. We also aim to investigate the EC-mediated cardioprotection under conditions that mimic the late events in MI by varying the stress exposure period and using stiffer hydrogel systems to mimic the ECM of infarct tissues that has undergone fibrosis.
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